Endothelial cells (ECs) are constantly subjected to shear stress, a tangential stress generated by blood flow, and hydrostatic pressure, a normal stress generated by blood pressure. Using a perfusion system that enables the independent control of flow volume and pressure, we investigated the effect of this combined stress on adhesion molecule expression in cytokine-stimulated cultured ECs. Human umbilical vein endothelial cells were incubated with 25 ng/ml tumor necrosis factor-alpha (TNF-α) for 6 hours. Activated ECs were then exposed to pulsatile flow (a shear stress of 1.5 ± 0.3 Pa, and a hydrostatic pressure of 100 ± 20 mmHg) for 1-24 hours. After exposure to pulsatile flow, endothelial selectin (E-selectin), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) were stained and observed using fluorescence microscopy. Results showed that E-selectin was expressed in approximately 30% of the total ECs after incubation with TNF-α, however, TNF-α-induced E-selectin expression was decreased after 1 hour of exposure to pulsatile flow resulting in E-selectin expression in under 10% of total ECs at 24 hours. VCAM-1 was expressed in approximately 75% of the total ECs after incubation with TNF-α, however, TNF-α-induced VCAM-1 expression was decreased after 6 hours of exposure to pulsatile flow resulting in VCAM-1 expression in approximately 40% of the total ECs at 24 hours. ICAM-1 was expressed in all ECs after incubation with TNF-α, however, TNF-α-induced ICAM-1 expression was decreased after 12 hours of exposure to pulsatile flow resulting in ICAM-1 expression in approximately 40% of the total ECs at 24 hours. These results suggest that combined stress time-dependently suppresses overexpression of cytokine-induced adhesion molecules in ECs.
Vol. 7, No. 2, 2012 Endothelial cells (ECs) are constantly subjected to shear stress, a tangential stress generated by blood flow, and hydrostatic pressure, a normal stress generated by blood pressure. A previous study suggests that physiological levels of laminar shear stress modulate endothelial cell function, resulting in protection of blood vessel against atherogenesis (1) . A hallmark of atherogenesis is the upregulation of endothelial cell adhesion molecules (CAMs) and concomitant recruitment of monocytes (2) . Tumor necrosis factor-alpha (TNF-α) is an important mediator of the inflammatory processes that occur during the progression of atherosclerosis. Cytokines such as TNF-α are known to induce the expression of adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin (3)~ (6) . Adhesion molecules expressed on the surface of ECs mediate endothelial cell-blood cell interactions. The expression of such adhesion molecules is induced not only by chemical stimuli, but also by mechanical stimuli (7) (8) . Shear stress elevates ICAM-1 expression transiently (9) (10) , while it decreases VCAM-1 expression in a time-dependent manner (9) (11) . In contrast, E-selectin expression is not induced by shear stress (9) (12) . However, few studies have reported the interplay of shear stress and cytokines in the expression of adhesion molecules. Shear stress decreases the expression of VCAM-1 and E-selectin induced by TNF-α (5)(13)~ (16) , but either increases TNF-α-induced ICAM-1 expression (5)(14) (15) or only slightly reduces it (16) . Shear stress does not appear to change the expression of ICAM-1 and E-selectin induced by interleukin-1β (IL-1β) (17) . However, up to now, there have been no reports regarding the effect of combined stress on adhesion molecules induced by cytokines.
The aim of the present study was to gain a better understanding of how combinations of shear stress and hydrostatic pressure affect the expression of adhesion molecules in ECs. Using a pulsatile perfusion system that is able to expose cultured ECs to both flow and pressure, we subjected human umbilical vein endothelial cells (HUVEC) to combinations of shear stress and hydrostatic pressure after incubation with TNF-α. We then observed the protein expression of ICAM-1, VCAM-1, and E-selectin by immunofluorescence staining.
Materials and methods

Cell culture
HUVEC purchased from Lonza (Walkersville, MD, USA) were cultured in Endothelial Basal Medium-2 (EBM ® -2) supplemented with an EGM ® -2 SingleQuots ® containing recombinant human epidermal growth factor (rhEGF), heparin, hydrocortisone, recombinant human fibroblast growth factor-basic (rhFGF-B), ascorbic acid, recombinant human vascular endothelial growth factor (VEGF), recombinant long r insulin-like growth factor-1 (R 3 -IGF-1), gentamicin sulfate amphotericin-B (GA-1000), and fetal bovine serum (FBS) under conditions of 5% CO 2 and 100% humidity at 37˚C. ECs from passages 3-5 were seeded at 30×10 4 cells onto 0.27 mg/ml type I collagen (Nitta Gelatin, Osaka, Japan)-coated 35-mm culture dishes (Asahi Technoglass, Tokyo, Japan) and grown into confluent monolayers.
Combined stress exposure experiments
HUVEC were incubated with 25 ng/ml TNF-α (PeproTech, London, UK) for 6 hours and then subjected to pulsatile flow with a shear stress of 1.5 ± 0.3 Pa and a pressure of 100 ± 20 mmHg at a frequency of 1 Hz, as previously described (18) . The pulsatile perfusion system consisted of a pressure pump, two resistance tubes, a compliance tube, a flow chamber, a medium reservoir, and two pressure transducers. The pressure pump generated pressurized pulsatile flow. The two resistance tubes controlled flow rate and pressure independently and the compliance tube controlled pulse amplitude. The flow chamber, in which ECs were cultured, controlled shear stress. The medium reservoir and surrounding Vol. 7, No. 2, 2012 temperature of the system were held at 37˚C. Cell culture medium in the medium reservoir was gassed with 5% CO 2 and 95% air to maintain a pH of 7.2-7.4 throughout the experiments.
Immunofluorescence staining
After combined stress exposure experiments for 1, 3, 6, 12, and 24 hours, HUVEC were rinsed with Hanks' Balanced Salt Solution (HBSS) without Ca 2+ and Mg
2+
, fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes at 4˚C, and blocked in 5% skim milk in PBS for 30 minutes at room temperature. ICAM-1 or E-selectin were respectively stained with 2.5µg/mL mouse monoclonal antibody (BBA16 or MAB720, R&D Systems, Minneapolis, MN, USA) as the primary antibody for 1 hour and then were stained with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (AP192F, Chemicon International, Temecula, CA, USA) at a dilution of 1:200 as the secondary antibody for 45 minutes at 37˚C. VCAM-1 was stained with 2.5µg/mL goat polyclonal antibody (BBA19, R&D Systems) as the primary antibody for 1 hour and then was stained with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated anti-goat IgG (81-1614, Zymed Laboratories, South San Francisco, CA, USA) at a dilution of 1:200 as the secondary antibody for 45 minutes at 37˚C. Cell nuclei were stained with 3.5µg/mL 4',6-diamidino-2-phenylindole (DAPI, Dojindo Laboratories, Kumamoto, Japan) for 10 minutes at room temperature. After ECs were washed with PBS, phase-contrast and fluorescence images were observed using an inverted fluorescence microscopy (ECLIPSE TE-2000U, Nikon).
Measurement of fluorescence intensity
After ECs were stained, FITC fluorescence intensity was measured with fluorescence microplate reader (POWERSCAN ® HT, Dainippon Sumitomo Pharma Biomedical) at excitation and emission wavelengths of 485 and 528 nm, respectively. TRITC fluorescence intensity was measured at excitation and emission wavelengths of 530 and 590 nm, respectively. Measured fluorescence intensity was assessed only inside the flow channel (10mm x 20mm). Each fluorescence intensity measurement was presented as ratio relative to the fluorescence intensity in non-stimulated ECs in static culture.
Analysis of adhesion molecule-expressing ECs
The outlines of ECs were traced manually in phase-contrast images using ImageJ (National Institutes of Health, Bethesda, Maryland) following by overlaying the phase-contrast images on fluorescence images. The cell, throughout which fluorescence diffused, was defined as expressing EC. More than 100 cells were analyzed at each time point of exposure to pulsatile flow. The results were expressed as the percentage of the total number of cells.
Statistical analysis
Results are expressed as the mean ± standard error of the mean (SEM) of 3-5 independent experiments. Means were compared by Mann-Whittney test. A p value of less than 0.05 was considered significant.
Results
Effects of combined stress on adhesion molecule expression in ECs
Fluorescent images of E-selectin, ICAM-1, and VCAM-1 in ECs exposed to pulsatile flow are shown in Fig. 1-3 . With regard to E-selectin, fluorescence was absent in non-exposed ECs (Fig. 1A) , however, granular and weak fluorescence were observed in Vol. 7, No. 2, 2012 cytoplasm after 1 hour of exposure to pulsatile flow (Fig. 1B) . Then the fluorescence were weaker after 3-6 hours (Fig. 1C) , and were hardly observed again after 12-24 hours. With regard to ICAM-1, weak fluorescence was observed around cell nuclei in non-exposed ECs ( Fig. 2A) , however, strong fluorescence was observed around some cell nuclei after 1 hour of exposure to pulsatile flow (Fig. 2B) . Weak fluorescence was observed in some cytoplasm after 3-6 hours (Fig. 2C) , then weak fluorescence was observed again around cell nuclei after 12-24 hours. With regard to VCAM-1, fluorescence was absent in non-exposed ECs (Fig. 3A) , however, granular fluorescence and weak fluorescence around cell nuclei were observed after 1-6 hours of exposure to pulsatile flow (Fig. 3B) . Then granular and weak fluorescence attenuated after 12-24 hours (Fig. 3C) . 
Combined stress attenuates TNF-α-induced adhesion molecule expression in ECs
Fluorescent images of E-selectin, ICAM-1, and VCAM-1 in ECs exposed to pulsatile flow after stimulation with TNF-α are shown in Fig. 4-6 . TNF-α-induced E-selectin was strongly expressed in cytoplasm simultaneously with the appearance of cytoplasmic granules in non-exposed ECs (Fig. 4A) . However, the fluorescence decreased after 1-6 hours of exposure to pulsatile flow (Fig. 4B ). E-selectin expression induced by TNF-α was attenuated by exposure to combined stress. Weak fluorescence was observed after 12-24 hours (Fig. 4C) . TNF-α-induced-ICAM-1 was strongly expressed in cytoplasm in non-exposed ECs (Fig. 5A) and after 1-6 hours after exposure to pulsatile flow (Fig. 5B) . However, the fluorescence decreased and some cells without the appearance of fluorescence were observed after 12-24 hours of exposure to pulsatile flow (Fig. 5C) . ICAM-1 expression induced by TNF-α was attenuated by exposure to combined stress. TNF-α-induced-VCAM-1 was expressed in cytoplasm simultaneously with the appearance of cytoplasmic granules in non-exposed ECs (Fig. 6A) . Fluorescence was strongly observed around cell nuclei after 1-3 hours of exposure to pulsatile flow (Fig. 6B) . However, granular fluorescence was absent after 6-24 hours, although weak fluorescence was continued to be observed (Fig. 6C) . VCAM-1 expression induced by TNF-α was attenuated by exposure to combined stress. 
Changes of fluorescent intensity of adhesion molecule expression
Fluorescent intensity of E-selectin, ICAM-1, and VCAM-1 in both ECs of static culture and ECs exposed to pulsatile flow after TNF-α stimulation are shown in Fig. 7 . Fluorescent intensity of all adhesion molecules immediately after TNF-α stimulation increased significantly compared to that of control. Fluorescent intensity of E-selectin decreased time-dependently in both ECs of static culture and ECs exposed to pulsatile flow. Fluorescent intensity of E-selectin in ECs exposed to pulsatile flow decreased significantly after 3 hours compared to that in ECs of static culture (Fig. 7A) . Fluorescent intensity of ICAM-1 in ECs of static culture decreased slightly after 12 hours, but sustained a high level at 24 hours. However, fluorescent intensity in ECs exposed to pulsatile flow rapidly decreased after 12 hours. There was significant difference in the fluorescent intensity between ECs of static culture and ECs exposed to pulsatile flow (Fig. 7B) . Fluorescent intensity of VCAM-1 in both ECs of static culture and ECs exposed to pulsatile flow decreased gradually after 1 hour, remaining significantly different after 12 hours (Fig. 7C ).
Time course of adhesion molecule-expressing ECs
The time-dependent percentage of adhesion molecule-expressing ECs exposed to pulsatile flow after stimulation with TNF-α is shown in Fig. 8 . E-selectin was expressed in approximately 30% of total ECs stimulated by TNF-α. However, the percentage of E-selectin-expressing ECs decreased to approximately 10% after 1 hour of exposure to pulsatile flow and was under 10% from 6 to 24 hours. In contrast, E-selectin was not expressed in any non-stimulated ECs in static culture. After exposure to pulsatile flow, the percentage of E-selectin-expressing ECs was approximately 5% at 3 hours, which continued to 24 hours (Fig. 8A) . ICAM-1 was expressed in nearly all ECs stimulated by TNF-α until 6 hours of exposure to pulsatile flow. However, the percentage of ICAM-1-expressing ECs decreased to approximately 85% at 12 hours and approximately 40% at 24 hours. On the other hand, ICAM-1 was expressed in approximately 20% of total non-stimulated ECs in static culture. After exposure to pulsatile flow the percentage of ICAM-1-expressing ECs increased to approximately 30% at 1 hour, decreased to approximately 15% from 3 hours to 12 hours, and increased again to 30% at 24 hours (Fig. 8B) . VCAM-1 was expressed in approximately 75% of total ECs stimulated by TNF-α. However, the percentage of VCAM-1-expressing ECs decreased to approximately 40% after 6 hours of exposure to pulsatile flow and continued to 24 hours. In contrast, VCAM-1 was expressed in approximately 25% of total non-stimulated ECs in static culture. After exposure to pulsatile flow, the percentage of VCAM-1-expressing ECs decreased to approximately 10% at 3 hours, which continued to 24 hours (Fig. 8C) . , and VCAM-1 (C) in non-stimulated and TNF-α-stimulated HUVEC exposed to pulsatile flow with a shear stress of 1.5 ± 0.3 Pa and a hydrostatic pressure of 100 ± 20 mmHg for 1-24 hours. The ** and * symbol represents a statistically significant difference (p < 0.01 and p < 0.05, respectively) versus non-stimulated HUVEC at each time point of exposure to pulsatile flow using Mann-Whittney test.
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Discussion
We observed localization specific for ICAM-1, VCAM-1, E-selectin in ECs exposed to a combination of shear stress and hydrostatic pressure by immunofluorescence staining. Granular fluorescence of E-selectin and VCAM-1 was observed in non-stimulated ECs exposed to combined stress shorter than 6 hours. It is well known that protein accumulated in granules is transferred from the perinuclear space (endoplasmic reticulum) through Golgi apparatus to the cell membrane, allowing it to be expressed and function as an adhesion molecule (19) . Therefore, granular fluorescence observed in non-stimulated ECs indicates that the protein synthesis of E-selectin and VCAM-1 is induced by shorter exposure to combined stress. However, longer exposure to combined stress appears to attenuate the expression of these molecules onto the cell surface, as weak fluorescence in cytoplasm, rather than granular fluorescence, was observed in non-stimulated ECs exposed to combined stress longer than 12 hours. In a previous study, weak fluorescence around nuclei, granular fluorescence, and strong fluorescence in cytoplasm were observed in a time-dependent fashion in ECs stimulated by IL-1β, an inflammatory cytokine (20) . In the present study, the granular and strong fluorescence observed in TNF-α-stimulated ECs disappeared after exposure to combined stress shorter than 6 hours. With regard to ICAM-1, fluorescence only in cytoplasm, rather than in granules, was observed. Strong fluorescence observed in TNF-α-stimulated ECs was attenuated by exposure to combined stress longer than 12 hours. Previous reports demonstrate that ICAM-1 expressed on the cell surface mostly flows out extracellularly, while expressed VCAM-1 and E-selectin are endocytosed intracellularly and subsequently stored in granules (21) .
Secondly, we measured the amount of protein expression of adhesion molecules with a fluorescence microplate reader. It has been previously established that physiological shear stress does not upregulate the expression of E-selectin and VCAM-1 (9)(11) (12) . In the present study, VCAM-1 expression in non-stimulated ECs exposed to combined stress corroborates previous data (9) (11) . However, despite lack of changes to shear stress in previous studies (9) (12) , E-selectin expression was transiently upregulated in non-stimulated ECs exposed to combined stress in our study. This difference is likely due to exposure to hydrostatic pressure, given that other experiments have demonstrated that mRNA expression of E-selectin is upregulated in non-stimulated ECs exposed to a hydrostatic pressure of 100 mmHg, while mRNA expression of VCAM-1 was downregulated (22) . In addition, previous literature reports that there are no changes in the protein expression of E-selectin in ECs exposed to 4 cmH 2 O (= 3.0 mmHg) for 24 hours (23) ，but that expression of E-selectin increased in ECs exposed to a pulsatile flow with a pressure of 90 ± 30 mmHg and a shear stress of 0.5 Pa for 24 hours (24) ．These results suggest that physiological hydrostatic pressure may upregulate E-selectin expression. Similarly, physiological shear stress upregulates ICAM-1 expression (9) (10) , and also increases ICAM-1 expression induced by TNF-α (5)(14) (15) although it decreases VCAM-1 and E-selectin expression induced by TNF-α (5)(13)~ (16) . However, our results demonstrated that combined stress also attenuated TNF-α-induced ICAM-1 expression, as with TNF-α-induced VCAM-1 and E-selectin expressions. In separate experiments, we also confirmed that TNF-α-induced ICAM-1 expression was increased by exposure to a shear stress of 1.5Pa and a hydrostatic pressure of 2.0 mmHg (data not shown). TNF-α activates nuclear factor-kappaB (NF-κB) transcription factors which induce the gene expression of adhesion molecules, such as E-selectin, ICAM-1, and VCAM-1 (28) . The promoter of the ICAM-1 gene contains NF-κB binding sites (29) . Partridge et al. demonstrates that NF-κB is activated by TNF-α in HUVEC exposed to laminar shear stress using assays of nuclear localization, NF-κB subunit phosphorylation, DNA binding, and transcriptional activity (14) . On the other hand, Lehoux et al. indicates that high intraluminal pressure is associated with NF-κB activation, however,
NF-κB activity is unaffected by physiological pulsatile pressure compared to steady pressure in aortic segments (30) . These results suggest that hydrostatic pressure and pulsatility downregulates ICAM-1 overexpression induced by TNF-α. However, the pulsatility contains pulsatile hydrostatic pressure and pulsatile shear stress. In order to elucidate more clearly how combined mechanical factors contribute to the expression of adhesion molecules involved with pathogenesis of vascular disease it will be necessary to examine effect of combined mechanical stress on activation of transcription factors. Finally, we analyzed the percentage of adhesion molecule-expressing ECs. The time-dependent percentage after exposure to combined stress in TNF-α-stimulated ECs rapidly decreased after 1 hour for E-selectin, after 6 hours for VCAM-1, and after 12 hours for ICAM-1. E-selectin is the first adhesion molecule that is expressed on ECs after stimulation of IL-1β (20) . This finding corresponds well with the role of E-selectin in the first step of leukocyte adhesion (rolling) (25) . VCAM-1 and ICAM-1, which both provide the second step (strong attachment), are simultaneously expressed 1 hour later (25) . The time-course of adhesion of various monocyte-like cell lines to endothelial monolayers begins about 2 hours after stimulation, reaching a maximum at 4-8 hours and then decreasing slowly until 72-96 hours (26) . It is evident that cellular adhesion requires the expression of both E-selection and CAMs on the endothelial cell membrane. In the present study, TNF-α-induced E-selectin expression was first attenuated by exposure to combined stress compared to ICAM-1 and VCAM-1 expression. This result suggests that the expression of E-selectin is selectively modulated to prevent rolling. In addition, it has been reported that in the case of impaired expression of E-selectin, VCAM-1 helps facilitate leukocyte rolling (27) . This report corroborates our study, TNF-α-induced VCAM-1 expression was attenuated by exposure to combined stress prior to attenuating TNF-α-induced ICAM-1 expression. In summary, our present study clearly demonstrates that a combination of shear stress and hydrostatic pressure decreases TNF-α-induced E-selectin, VCAM-1, and ICAM-1 expression in ECs at the surface protein level. Thus, our findings suggest that, in ECs, combined stress time-dependently suppresses oversynthesis and overexpression of adhesion molecules induced by cytokines.
